the presence of ascorbate-2-phosphate for up to 35 days showed markedly reduced mineralization compared to the mineralization of bone marrow stromal cells isolated from wild-type littermates. In conclusion, these findings suggest that ANK is a positive regulator of differentiation events towards a mature osteoblastic phenotype.
The transcriptional program that controls osteoblastogenesis is initiated with the early developmental signals that recruit mesenchymal stem cells to organize an embryonic bone directly by osteoblast differentiation (intramembranous bone) or mesenchymal stem cell condensation into a cartilage template for endochondral bone formation. Chondrocytes in this cartilage template undergo terminal differentiation and apoptosis and are eventually replaced by bone-forming osteoblasts. The transcription factor runx2/cbfa1 , a runt family polypeptide, has been recently described as the master regulator for osteoblastic differentiation. In runx2/cbfa1 null mice, osteoblast differentiation is arrested in both the endochondral and intramembranous skeleton [Ducy et al., 1997; Komori et al., 1997; Otto et al., 1997] . runx2 expression has been shown to be upregulated early during osteoblastic differentiation and it has been suggested that increased runx2 expression in mesenchymal stem cells results in the differentiation into an osteoblastic precursor cell. runx2 has been shown to be expressed during the entire differentiation process of these osteoblastic precursor cells into mature osteoblasts [Lian et al., 2004; Komori, 2005 Komori, , 2006 . Another transcription factor, osterix, has been recently discovered, which also plays a critical role in osteoblastogenic differentiation [Nakashima et al., 2002] . osterix null mice also show a complete lack of both intramembranous and endochondral ossification due to the absence of osteoblast differentiation. runx2 is expressed in the mesenchymal cells of osterix null mice, whereas osterix is not expressed in runx2 null mice [Nakashima et al., 2002] . Therefore, osterix is a downstream gene of runx2 and it was suggested that osterix controls the differentiation of an osteoblastic precursor cell into an immature osteoblast [Komori, 2006; Huang et al., 2007] . The determination of factors and their roles in regulating the expression of these transcription factors is crucial. Based on the findings that human mutations in ANK result in an overgrowth of craniofacial bone and an osteopenic phenotype of long bones, we hypothesized that ANK may play a role in regulating the expression of these transcription factors and ultimately osteoblastic differentiation.
Materials and Methods

MC3T3 Cell Culture
The osteoblastic cell line MC3T3-E1 was cultured at confluence in Dulbecco's modified Eagle's medium with 10% fetal calf serum and then cultured in the presence of ascorbate (50 g/ml) and ␤ -glycerophosphate (10 m M ) to induce collagenous matrix release and mineralization (differentiation medium). Cells were cultured for up to 20 days in differentiation medium in the absence or presence of phosphoformic acid (PFA, 1 m M ). For siRNA experiments, cells were transfected with control siRNA and ank -specific siRNA using the siPORT NeoFX reagent from Ambion. After transfection, cells were cultured for up to 12 days in differentiation medium. Real-time PCR analysis using SYBR Green was performed as described previously [Wang et al., 2005] . The 18S RNA was amplified at the same time and used as an internal control. The cycle threshold values for 18S RNA and the samples were measured and calculated by computer software. Relative transcription levels were calculated as x = 2 -⌬ ⌬ CT , where ⌬ ⌬ CT = ⌬ E -⌬ C, ⌬ E = Ct exp -Ct 18S and ⌬ C = Ct ctrlCt 18S .
Mouse Bone Marrow Stromal Cell Culture
Bone marrow stromal cells were isolated from femurs of 4-week-old ank/ank mice or wild-type littermates and cultured at 2 ! 10 6 cells per 10-cm 2 well in ␣ -MEM supplemented with 15% fetal calf serum. After cells had reached confluency, 100 g/ml ascorbate-2-phosphate was added and cells were cultured for up to 35 days. Van Kossa staining (mineralization) was performed after 35 days.
Results
MC3T3-E1 cells showed the highest expression of ANK on day 3 after addition of differentiation medium. After day 3, ANK expression declined. Contrarily, alkaline phosphatase (APase) expression started to increase on day 8 and reached its maximum between day 17 and 20, whereas mineralization occurred on day 20 (data not shown). To determine the function of ANK in osteoblastic differentiation, we transfected MC3T3-E1 cells with 30 n M of siRNA specific for ank and cultured these cells in differentiation medium for various time points. Immunoblot analysis showed a marked reduction of ANK protein expression in ank -specific siRNA-transfected cells after 3 days of culture in differentiation medium, whereas transfection with the same concentration of control siRNA did not affect ANK expression compared to the ANK expression levels of nontransfected cells ( fig. 1 a) . Suppression of ANK expression resulted in a decrease in bone marker gene expression, including APase, type I collagen, bone sialoprotein, and osteocalcin, compared to the expression levels of these genes in nontransfected cells or cells transfected with control siRNA ( fig. 1 b) . In addition, osterix expression was downregulated in ANK expression-suppressed MC3T3-E1 cells, whereas runx2 expression was increased in these cells ( fig. 1 b) . To determine whether extracellular PP i (resulting from the transport of intracellular PP i by ANK to the extracellular mi-lieu) or extracellular inorganic phosphate resulting from the hydrolysis of extracellular PP i by APase acts as the signaling molecule affecting osteoblast differentiation, we cultured MC3T3 cells in differentiation medium in the absence or presence of PFA. PFA has been shown to inhibit sodium/phosphate cotransporters that transport inorganic phosphate into the cell including osteoblasts [Beck, 2003] . PFA treatment inhibited APase activity of MC3T3 cells ( fig. 2 ) . Next, we isolated bone marrow stromal cells from ank / ank mice and wild-type littermates. ank / ank mice express a truncated, nonfunctional ANK protein [Ho et al., 2000] . Osteogenic differentiation of bone marrow stromal cells was induced by the addition of ascorbate-2-phosphate (osteogenic medium) as described previously [Abe et al., 2000] . Bone marrow stromal cells isolated from ank / ank mice showed notable less mineralization after 35 days of culture in osteogenic medium than bone marrow stromal cells isolated from wild-type littermates, as revealed by van Kossa staining ( fig. 3 ).
Discussion
Our findings, showing that suppression of ANK expression in the osteoblastic cell line MC3T3-E1 decreased the expression of osteoblastic marker genes and osterix, suggest that ANK regulates osteoblast differentiation by acting as a positive regulator on the differentiation of preosteoblastic cells into immature osteoblasts. Osterix is a transcription factor that has been implicated in the regu- 3 . Effect of ANK on osteoblastic differentiation of bone marrow stromal cells. Bone marrow stromal cells were isolated from ank/ank mice and wild-type (WT) littermates and cultured for various time points in the presence of ascorbate-2-phosphate. Van Kossa staining to detect mineralization was performed after 35 days of culture. Mineralization of bone marrow stromal cells isolated from ank / ank mice was markedly reduced compared to mineralization of bone marrow stromal cells isolated from wild-type littermates. Scale bar = 100 m.
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ank/ank lation of differentiation of preosteoblastic cells into immature osteoblasts [Komori, 2006; Huang et al., 2007] . runx2 expression was increased in ANK expression-suppressed MC3T3 cells. Interestingly, a previous study has shown that overexpression of runx2 in immature osteoblasts results in an osteopenic phenotype, suggesting that runx2 inhibits osteoblast maturation and needs to be suppressed for osteoblast and bone maturation to occur [Komori, 2008] . Furthermore, our findings, showing that PFA inhibits osteoblastic differentiation of MC3T3 cells, suggest that not the extracellular PP i directly resulting from ANK transport but inorganic phosphate resulting from the hydrolysis of this PP i is being transported back into the cell and then acts as a signaling molecule regulating osteoblastic differentiation of precursor cells. ANK also regulated the differentiation of bone marrow stromal cells into osteoblasts. Lack of a functional ANK resulted in a delayed differentiation of these cells into osteoblasts.
The lack of ANK function in humans and mice results in thickened craniofacial bones, whereas the long bones show an osteopenic phenotype [Gurley et al., 2006] . The results of our study, showing that ANK is required for the differentiation of preosteoblastic cells into immature osteoblasts, are in accordance with osteopenia of the long bones in individuals with suppressed ANK function. However, how can the thickening of the craniofacial bones be explained in individuals lacking ANK function? One explanation is the different origin of osteoblastic cells forming the long bones and the calvarial bones [Toma et al., 1997] . Another explanation is that preosteoblastic cells in ANK-suppressed individuals undergo chondrocytic differentiation during long bone formation and are therefore lost from the osteoblastic lineage, whereas preosteoblastic cells do not undergo chondrocytic differentiation in calvarial bones, but rather accumulate and eventually undergo maturation and form more bone than being formed in individuals with normal ANK function. Interestingly, osterix, which is downregulated in ANK-suppressed MC3T3-E1 cells, has been shown to inhibit the differentiation of preosteoblastic cells along the chondrocytic lineage [Huang et al., 2007] . In the cranium, however, other environmental factors besides osterix are present, which prevent the chondrocytic differentiation of preosteoblastic cells [Toma et al., 1997] . Finally, long bones undergo more and rapid remodeling than craniofacial bones. These remodeling processes need the rapid maturation of preosteoblastic cells into immature and ultimately mature osteoblasts.
In conclusion, our findings provide evidence that ANK plays an important role in early osteoblastic differentiation and acts as a positive regulator of the differentiation of preosteoblastic precursor cells into immature osteoblasts.
